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Abstract: The effect of three solvents which are mixtures of water and acetic acid of 
different compositions on crystallization kinetics and crystal properties is reported. The 
nucleation orders for the three solvents used in this work are comparable, but higher than 
published data. The growth rates are similar to that of recrystallization work. Different 
solvents can deliver the same supersaturation, but crystal shapes change from column to 
needle-like.  Different solvent compositions can also give rise of different levels of impurity 
due to the side reaction, their effects on crystal morphology and purity are discussed. We 
demonstrate that the reagents and solvents from the reaction step are the means for 
controlling and delivering required crystal properties when both reaction and crystallization 
are carried out in a continuous fashion. 
Keywords: A1. Solvents; A1. Impurities; A1. Crystal morphology; A1. Nucleation; A2. 
Growth form solutions; A2. Industrial crystallization
1. Introduction
Paracetamol (acetaminophen) is a widely used analgesic drug in the world today and is 
usually manufactured by a reactive crystallization process. The reaction part involves 
  
acetylating 4-aminophenol with a small stoichiometric excess of acetic anhydride in an 
aqueous medium[1, 2]; the separation and purification of paracetamol is achieved via 
recrystallization using cooling and anti-solvent means[3-5]. The focus of this work is on 
continuous reactive crystallization where two separate unit operations are combined and done 
in a nonstop manner. In this respect, reaction conditions have a significant effect on 
crystallization kinetics that have rarely been examined. Our previous study presented the 
effect of water content and reaction temperature on crystallization properties, however, 
crystallization kinetics have not been fully investigated under different reaction conditions[6]. 
In this work, the ratios of reactants are determined based on the solvent compositions that 
deliver the optimized solubility for crystallization. By comparing nucleation and growth 
kinetics for different solvents that are directly generated from the reaction, the effects of 
paracetamol synthesis on crystallization kinetics and crystal morphologies are jointly 
investigated, i.e. we link the reaction with crystallization as a single process, these are new to 
previous separated studies of either reaction or recrystallization. 
2. Basic concepts of nucleation and growth kinetics
2.1. Nucleation kinetics 
Nucleation kinetics are commonly estimated using the classical Nývlt equation[7-9]  
where the nucleation rate ( ) is related to the maximum solution supersaturation (∆cmax), in 𝐽
turn, the maximum supercooling ( ), with cooling rate ( ) (°C h-1). However, the ∆𝑇𝑚𝑎𝑥 𝑟
limitation for the Nývlt approach is that the derivation is based on the assumption that the 
solubility coefficient  is independent of the saturation temperature  (°C),   (𝑑𝑐/𝑑𝑇) (𝑇0)
leading to concentration-based units for the nucleation rate, in turn complicated units with 
non-physical significance for the nucleation order and constant. Consequently, a self-constant 
Nývlt equation[10, 11] was proposed, which utilizes a dimensionless maximum supercooling 
( / ) as:∆𝑇𝑚𝑎𝑥 𝑇0
             (1)𝑙𝑛 (ΔT𝑚𝑎𝑥𝑇0 ) =  1 𝑏𝑙𝑛 𝑟 + 1 ‒ 𝑏𝑏 𝑙𝑛( ∆𝐻𝑅𝑇𝑛) +  1 𝑏(𝑙𝑛 𝑓 𝑘) ‒ 1 𝑏𝑙𝑛𝑇0                                           
where is the heat of dissolution (KJ mol-1),  the gas constant (J mol-1K-1),  the ∆𝐻 𝑅 𝑇𝑛
nucleation temperature (K) and   the proportionality constant. A linear relationship between  𝑓
  
/  ) and  enables the determination of nucleation order from the slope  . ln (∆𝑇𝑚𝑎𝑥 𝑇0 ln 𝑟 1/𝑏
The main advantage of Eq. (1) is that the effect of saturation temperature  on is 𝑇0 (𝑑𝑐/𝑑𝑇) 
included. 
2.2. Growth kinetics 
Crystal growth kinetics are important in the design and development of crystallization 
processes and many different theories have been employed to facilitate crystal growth 
mechanisms[7].While there is no general accepted method for expressing the growth kinetics, 
crystal growth rate, (m s-1), in terms of mass deposited per unit time per unit area of crystal 𝐺 
surface is used in this work as[7]:
                                                      (2)𝐺 =  𝐾𝐺 𝛽3𝛼𝜌𝑐(ln𝑆)𝑔                                                               
where ,   and    are the overall mass transfer coefficient (kg m-2 s-1), crystal density (kg 𝐾𝐺 𝜌𝑐 𝑔
m-3) and growth order, respectively. The growth rate is related to the level of supersaturation 
in terms of a dimensionless concentration of  , where  ,  is the concentration in 𝑆 = 𝑐/𝑐 ∗ 𝑐
solution (kg solute kg-1 solvent) and refers to solubility at the same temperature (kg solute kg-1 𝑐 ∗  
solvent). 
3. Experimental section
3.1. Materials 
4-Aminophenmol (4-AP) (Sigma Aldrich UK Ltd.; purity, ≥ 99 %; MW, 109.13 g mol-1) 
was sourced in the form of light brown crystalline solid. Paracetamol (PARA) 
(GlaxoSmithKline Pharmaceutical Company; purity, 99.8 %; MW, 151.16 g mol-1) was 
purchased for the purpose of calibration of HPLC device, and 4'-Acetoxyacetanilide (PAA) 
(TCI AMERICA; purity, ≥99.0 %; MW, 193.20 g mol-1) for the identification and calibration 
of the intermediate product. Acetic anhydride (AA) (purity, 99+ % pure; MW, 102.09 g mol-
1), methanol (purity, HPLC grade; MW, 32.04 g mol-1) and distilled water (resistivity, 18.2 
MΩ cm at 25ºC; density, 1 g cm-3; MW, 18.02 g mol-1) were also applied. 
  
3.2. Characterization 
The concentration of paracetamol was analyzed by the Agilent1100 Series HPLC System, 
and the chromatograph column was a reverse phase ZORBAX SB-C8 (4.6×150 mm; 5 µm 
packing). The UV detector was set at 243 nm and the mobile phase running throughout the 
system was a mixture of methanol and water with a mass ratio of 1:3. HPLC measurements 
were operated at room temperature, sample injection volume was 1 µL. Fig. 1 below shows 
that the peak of paracetamol appears after 5 minutes at a flowrate of 0.8 ml min-1. 
Subsequently a calibration curve was developed and a good linear relationship between the 
peak areas and concentration of paracetamol is seen, i.e. Concentration = (Peak Area – 
3.8927) ÷24833. 
Fig.1. HPLC measurement for paracetamol standard solution with a calibration curve 
The crystal size distributions were obtained by a Mastersizer 3000™ (HYDRO, 
Malvern). The dispersion fluid for Mastersizer operation is hexane and isopropanol is used 
for washing. The agitation rate is 2000 rpm without ultrasound. Morphologies of crystals by a 
  
Leica ATC 2000 Trinocular Microscope, crystal surface properties by scanning electron 
microscope (SEM) and crystal polymorphs by Power X-Ray Diffraction (PXRD).
3.3. Equipment for reactive crystallization 
Reactive crystallization of paracetamol was performed in a jacketed oscillatory baffled 
reactor (OBR) (Fig. 2) with an internal diameter of 76 mm and a working volume of 1 L. A 
baffle string consists of 2 orifice baffles with orifice diameter and baffle space of 32 mm and 
86 mm respectively, giving a baffle free area ratio of 0.21. A linear actuator connecting to the 
baffle string delivers different oscillation amplitudes and frequencies. The temperature within 
the OBR was controlled by a water bath (Grant Instruments GP 200/R2), enabling different 
linear cooling rates. The metastable zone width was determined from turbidity measurements 
using an online turbidity probe (METTLER TOLEDO). The schematic illustration of the 
OBR is shown in Fig. 2.
The procedures involve charging different amounts of 4-aminophenol, acetic anhydride 
and water into the preheated OBR at 50 °C under oscillation. The reactions were commenced 
when the OBR was further heated up and maintained at 75 °C. Samples were taken at regular 
time intervals using a pipette with an accurate volume of 0.30 ml; and were quenched and 
diluted 100 times with the mobile phase solution (methanol : water = 1:3). The overall 
reaction time was about 40 minutes; after which the crystallization was immediately initiated 
by cooling the solution to 20 °C at different cooling rates.
  
Fig. 2. Schematic of OBR setup
4. Results and discussions 
4.1. Solvent composition and paracetamol solubility 
Paracetamol is produced by reacting 4-aminophenol and acetic anhydride with acetic acid 
as a side product when water reacts with the excessive acetic anhydride. The reaction scheme 
was discussed previously[6] and shown in Fig. 3. Paracetamol solubility in the mixture of 
acetic acid and water at different ratios are illustrated in Fig.4. It is as expected that the 
solubility of paracetamol increases with temperature. Meanwhile, as the ratio of acetic acid to 
water increases, the capacity of paracetamol in the mixed solvent increases and reach to a 
maximum value at Acid:H2O = 7:3, and then declines with increasing acid content. This is 
due to the dissociation ability of acetic acid in the aqueous solution. Since acetic acid is a 
weak acid, only a small fraction of the acetic acid molecules can react with water to form 
ethanoate and hydronium ions. This equilibrium position lies well to the left before 
paracetamol is dissolved in the mixed solvent. The interactions among paracetamol, acetic 
acid and water molecules induces the reaction to the right direction, leading to the rising 
  
solubility of paracetamol at low acetic acid content, and low solubility when  there is 
insufficient water.
Fig. 3. Reaction scheme for paracetamol synthesis[6].  a: 4-aminophenol (4-AP); b: acetic 
anhydride (AA); c: paracetamol; d: acetic acid; e: water; f: 4'-acetoxyacetanilide (PAA). 
Fig. 4. Solubility of paracetamol in different ratios of acetic acid to water
  
Fig.5A is the HPLC chromatogram for one of the samples where three peaks at retention 
time of 3.695, 5.193 and 11.286 min correspond to the solvent, paracetamol, and 4'-
acetoxyacetanilide (PAA) respectively, from which concentrations of paracetamol and 4'-
acetoxyacetanilide changing with time are obtained as shown in Fig. 5B. We see that the 
concentration of paracetamol increases dramatically in the first 10 minutes and then stabilizes 
at an average value of 65.23 g L-1 before it falls, this is the initial concentration for 
crystallization. The solute concentration continues decreasing thereafter as more paracetamol 
particles are formed during crystallization. We also see that the generation of the by-product 
(PAA) via the side reaction (Fig.3) is continuous from the start, but at a much lower 
concentration than that of the target compound (Fig.5B). PAA acts as an impurity for 
crystallization step, as the concentration of which in solution stays constant while the 
concentration of paracetamol is decreasing. No visible impurity was observed on product 
crystals in both HPLC and NMR analysis, and a purity of 99 % was achieved.
Fig.5. (A) HPLC chromatogram showing solvent, paracetamol and 4'-acetoxyacetanilide 
(PAA) peaks; (B) Concentrations of paracetamol and impurity (PAA) as a function of time
From the reaction scheme in Fig. 3, the solvent for crystallization is a mixture of acetic 
acid and water that are directly generated from the reaction step, different ratios of which 
give different solubility as shown in Fig. 4 with the highest at 7:3 (acetic acid : water). In this 
work, the effects of three acid to water ratios (1:9, 5:5 and 7:3) on crystallization kinetics and 
crystal properties were examined. The amounts of reactants, i.e. the ratio of 4-aminophenol 
  
(4-AP) to acetic anhydride (AA), required to produce paracetamol in any of the above solvent 
ratios were back calculated according to the reaction stoichiometry and solubility profile (see 
the row two in Table 1). This is how the reaction is linked with crystallization. Table 1 shows 
the various parameter settings for both reaction and crystallization conditions. Note that 
various reactant ratios of 4-AP: AA can generate the same solvent ratio, e.g. the same ratio of 
acetic acid: water of 1.9 can be obtained via four ratios of 4-AP: AA (see the rows 1-2 in 
column 2 of Table 1), this adds the complexity of our study, also increases the number of 
experiments carried out.
Table 1. Experimental conditions used for reactive crystallization of paracetamol
Acid : H2O 
(w : w)
1:9 5:5 7:3
AA : 4-AP 
(mol : mol) 1.8 2 2.3 2.7 1.8 2 2.3 1.8 2.3 2.7
Cooling rate
 (°C min-1)
0.8 0.8 0.4, 0.8, 1.2 0.8 0.8 0.4, 0.8, 1.2 0.8 0.4, 0.8, 1.2 0.8 0.8
Frequency 
(Hz) 1 1 0.5, 1.0, 2.0 1 1 0.5, 1.0, 2.0 1 0.5, 1.0, 2.0 1 1
Amplitude 
(mm) 44 44 44 44 44 44 44 44 44 44
4.2. Effect of solvent on nucleation kinetics 
Fig. 6 plots /  ) vs  from Eq. (1) for three solvent ratios of 1:9, 5:5 and 7:3, ln (∆𝑇𝑚𝑎𝑥 𝑇0 ln 𝑟
respectively. We see that the metastable zone width ( ) increases for every solvent 𝑇𝑚𝑎𝑥
system as the cooling rate ( ) increases from 0.4 to 1.2 °C h-1. At a given cooling rate, the 𝑟
lower the ratio of Acid: H2O, the wider the MSZW, indicating that the MSZW can be 
controlled by the solvent compositions from the reaction step. The influences of solvents on 
nucleation kinetics were investigated in recrystallization work: the net effect of changing 
solvent led to an increase of solubility, in turn an increase of nucleation rate due to the 
  
decrease of interfacial tension between solute and solvent on specific faces[12]. Nucleation 
order ( ) is highly dependent on the solubility of a solute in a given solvent[11]; and is 5.4, 𝑏
15.5 and 14.1 in this work for the three solvents respectively, which are higher than 1.68 for 
paracetamol in ethanol by Mitchell and Frawley[13]; and 0.6  3.4 for paracetamol in 
methanol/water solutions by Ó’Ciardhá et al.[14] Higher nucleation orders in this research 
are related to higher solubility of the solvents used, which leads to different levels of 
supersaturation. Moreover, agglomeration also contributes to high nucleation orders, the 
effect of which is still difficult to be separated using current PAT tools.
Fig. 6. Plot of ln (ΔTmax/T0) vs ln r for three solvents
4.3. Effect of solvent on growth kinetics 
In this work, the overall growth rate was determined by plotting crystals size as a function 
of time. Mastersizer was used for crystal size measurements for samples that took at regular 
time intervals once nucleation was observed in the solution. By plotting the overall linear 
growth rate ( ) against the supersaturation ( ) from Eq. (2), Fig. 7 shows the increase of 𝐺 c/𝑐 ∗
the growth rate with the supersaturation for each solvent composition. Our data are in the 
similar order of magnitude, but higher than others of recrystallization of paracetamol in 
various solutions[15-18]. Reactive crystallization of paracetamol in a stirred tank with 
  
sodium hydroxide added after the reaction step gave the growth rates from 4.04 to 5.64 × 10-8 
m s-1 using a sieving method[19], which are similar to our data (see Fig. 7). 
The growth orders ( ) were extracted from the power law relationship displayed in Fig. 7 𝑔
as 4.27, 12.62, and 1.72 respectively for the three solvents. We see that there is no direct 
dependence of crystal growth order on the solvent composition. Ó’Ciardhá et al. [16] 
reported that solvent composition, solubility gradient and viscosity all contributed to crystal 
growth machanisms, where solvent may decrease growth rate due to the selective absorption 
of solvent molecules, or enhance face growth rate by causing a reduction in the interfacial 
tension, leading to an unclear role played by solvent in affecting crystal growth[16, 20].
Fig. 7. Comparison of growth rates between this work and previous researches
The main differences of this work with respect to past papers are that solvent compositions 
for crystallization in our work are directly produced from the reaction step, by varying the 
ratios of reactants (AA : 4-AP) at the start of the reaction, the control of supersaturation is 
achieved, connecting the reaction with the crystallization as a single process. 
  
4.4. Effect of solvent on crystal shape 
The effect of solvent ratios generated from the reaction on crystal shape is shown in Fig. 8. 
Rectangle column type of crystals is seen at the low ratio of Acid: H2O. The columns become 
longer and thinner as the ratio increases. The crystal shape classification diagram by Li and 
Doberty [21] according to different functional groups of solvents also predicted the elongated 
shape for solvents of class 1 (involving acetic acid) and class 6 (water) with aspect ratios of 
crystals >3. However, higher aspect ratios of crystals in our work were generated in solvents 
of higher dispersive energies, e.g. water, this is different from the reported predictions and 
could be due to the increased concentrations of both paracetamol and impurity (PAA). 
From the SEM graphs (Fig. 8), the lengths and diameters of over 30 crystals were 
measured microscopically, leading to the determination of the specific surface factors for 
crystals as 6.37, 5.31 and 4.75 for the three solvent systems respectively, which are 
comparable to 6.27~7.70 for rounded hexagonal crystals by Granberg and Rasmuson[22].
Fig.8. SEM measurements for paracetamol crystals in three solvents: (A) Acid: H2O = 1:9, S 
= 1.99; (B) Acid: H2O = 5:5, S = 2.34; (C) Acid: H2O = 7:3, S = 2.04
4.5. Effect of impurity on crystal shape 
In the reactive crystallization, the solubility for crystallization (Fig.4) results from 
different solvent compositions that are formed by the reaction; the concentrations of 
paracetamol (the product) and 4'-acetoxyacetanilide (PAA – the side product) are also 
  
generated as given in Table 2. At a constant solvent composition, the increase of the reagent 
ratio of AA:4-AP decreases the concentrations of paracetamol and PAA, leading to different 
supersaturation for crystallization, in turn different crystal morphologies as seen in Fig. 9, 
where smaller and finer crystals are expected when supersaturation increases. In this respect, 
the amount of impurity (PAA) is related to the supersaturation of paracetamol. At the same 
solvent ratio, product crystals change from plate-like to elongated, indicating the influence of 
PAA on crystal growth, this agrees with previous research[23].
Fig. 9. Microscope images showing the effect of PAA on paracetamol crystal shapes for 
different supersaturation conditions at a fixed solvent ratio of Acid: H2O = 1:9
Table 2. PARA and PAA concentrations in different solvent compositions by reaction
Acid : H2O 
(w : w)
1:9 5:5 7:3
AA : 4-AP 
(mol : mol) 1.8 2 2.3 2.7 1.8 2 2.3 1.8 2.3 2.7
PARA 
(mol kg-1)
0.599 0.514 0.441 0.375 2.029 1.96 1.803 2.382 2.214 2.004
PAA 
(mol kg-1)
0.006 0.006 0.005 0.005 0.158 0.093 0.052 0.233 0.137 0.105
  
Some agglomerations are observed (Fig. 8), with a lesser degree for solvents of higher 
Acid: H2O ratios. Different solvent systems have different polarities due to the interactions 
with H-bonding at crystal surfaces, e.g. polar solvents have stronger interactions, reducing the 
formation of crystalline bridges. For this work, the Acid: H2O ratio of 1:9 has the highest 
polarity, but the degree of agglomeration is also high. This is opposite to previous work 
where agglomeration was found weaker for more polar solvents[24]. This could attribute to 
the fact that the adhesion of the side product PAA in solution prevented the association of 
solvent molecules from depositing on crystal surfaces. Depending on the ratios of the starting 
materials, the concentrations of PAA increase with the increase of the ratios of Acid: H2O as 
shown in Table 2.
 
4.6. Purity of crystal products 
The purity of crystal products is plotted as a function of the reagent ratio in Fig.10. We see 
that the purities are generally high for all three solvents, with the highest purity of 99.84% at 
the Acid: H2O ratio of 1:9 for all reactant ratios of AA: 4-AP. For the Acid: H2O ratios of 5:5 
and 7:3, product purity increases with the ratio of the starting materials. At the same reactant 
ratio of AA: 4-AP, crystal purity decreases with the increase of the Acid: H2O ratios from 1:9 
to 7:3. This indicates that solvents and PAA molecules are more likely to be absorbed onto 
crystal lattices at higher solubilities.  Fig. 10 is a useful graph linking crystal purity (one of 
the crystal specifications) with the solvents for the crystallization and the starting materials 
for the reaction step. It is worth keeping in mind that all the product crystals in this work are 
monoclinic, which is polymorph Form I of paracetamol. This is confirmed by X-ray powder 
analysis and constant with previous published study on the reactive crystallization of 
paracetamol[6, 25].
  
Fig. 10. Crystal purity as a function of AA: 4-AP ratios for different solvents
5. Conclusions
When solvent compositions for crystallization are directly produced from the reaction, we 
are able to examine the dependency of nucleation orders and growth rates on solvent 
compositions; a higher ratio of Acid:H2O at the end of reaction leads to a higher nucleation 
order; growth rates are comparable with previous recrystallization data. Both solvent 
compositions and reagent ratios are the means for influencing crystal morphology: crystals 
shapes change from column to needle-like with the increase of solvent compositions. At a 
fixed solvent, three reagent ratios of AA:4-AP at the start of reaction deliver three 
supersaturations for crystallization with different levels of impurity, which affects crystal 
morphology and causes agglomerations.
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Nomenclature
 = Maximum solution supersaturation (kg solute kg-1solvent)∆𝑐𝑚𝑎𝑥
= Nucleation order𝑏 
 = Mole fraction solubility of solute𝐶
 = Concentration in solution (kg solute kg-1solvent)𝑐
 = Solubility data at the same temperature (kg solute kg-1solvent)𝑐 ∗
 = Solubility coefficient𝑑𝑐/𝑑𝑇
 = Heat of dissolution (kJ mol-1)𝐻
= Proportionality constant𝑓 
= Overall linear growth rate (m s-1)𝐺 
 = Growth order𝑔
= Nucleation rate (kg m-3 s-1)𝐽 
 = Nucleation constant𝑘
= Growth rate constant𝑘'
 = Overall mass transfer coefficient (kg m-2 s-1)𝐾𝐺
 = Cooling rate (°C h-1)𝑟
 = Gas constant (J mol-1 K-1)𝑅
 = Supersaturation ratio𝑆
 = Absolute temperature (K)𝑇
= Saturation temperature (°C)𝑇0 
 = Nucleation temperature (°C)𝑇𝑛
 = Maximum supercooling (°C)∆𝑇𝑚𝑎𝑥
Greek letters
 = Crystal volume shape factor𝛼
 = Crystal surface shape factor𝛽
  
 = Crystal density (kg m-3)𝜌𝑐
Compounds
4-AP = 4-Aminophenol 
AA = Acetic anhydride 
PAA = 4'-Acetoxyacetanilide 
PARA = Paracetamol
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Highlights
 Solvents from reaction step affect crystallization kinetics and crystal properties
 Supersaturation for crystallization depends on ratios of reaction reagents
 Agglomeration is seen in solvents of lower ratios of acid to water
 Effects of side reaction on particles morphology and purity are discussed
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